COMMENTARIES
Thyroxine (T4), the major secretory product of the thyroid gland, is a prohormone. Removal of an outerring iodine by either type 1 or type 2 iodothyronine deiodinase (D1, D2) yields the biologically active hormone 3,5,3′-triiodothyronine (T3). The deiodinases are interesting enzymes. For example, their catalytic sites contain the rare amino acid selenocysteine, encoded by UGA, which under ordinary circumstances functions as a stop codon (1, 2) .
D2 is particularly fascinating (see ref. 3 for an outstanding review). In rodents, it is expressed primarily in brown adipose tissue (BAT), brain, and pituitary, and also in the developing cochlea. In humans, D2 is expressed somewhat more broadly, including in skeletal muscle, heart, and thyroid. Approximately 50% of nuclear T3 receptors (TRs) are ligand-occupied in most tissues of euthyroid rats. However, a substantially higher fraction of the TRs of tissues that express D2 are ligandoccupied -from 75% in BAT to 97% in cerebral cortex. This extra T3 is generated locally by D2 from plasmaderived T4. In contrast, T3 generated by D1 does not have direct access to nuclei but instead must first be exported into the plasma. The difference appears to relate to the subcellular localization of these enzymes; D2 is an ER enzyme localized to the perinuclear space, whereas D1 lies in the plasma membrane (4). Thus, although both D1 and D2 contribute to the plasma T3, D2 provides an additional local source of nuclear T3. The consequence is that D2-containing organs can regulate their nuclear TR occupancy independent of the plasma T3 level. It follows, then, that local regulation of D2 activity is critically important in determining the thyroid status of D2-containing organs, and that plasma T4 is an important source of nuclear T3 in these organs.
Acute regulation of D2 and adaptive thermogenesis
BAT is an important site of heat generation in response to decreased ambient temperature (adaptive thermogenesis) in small mammals, including newborn humans. Cold exposure stimulates the sympathetic nervous system, which induces BAT uncoupling protein-1 (UCP-1), resulting in heat production. Hypothyroid rats are unable to mount an adequate BAT response to cold (5) . This results partly from the fact that norepinephrine (via a cAMP response element) and T3 synergistically induce UCP-1 transcription. However, this synergism requires complete occupancy of BAT TRs. How does BAT get enough T3 to saturate its TRs? Norepinephrine rapidly induces BAT D2, generating T3 and causing local hyperthyroidism.
Unlike many hormones (insulin, for example), T3 circulates at essentially constant levels throughout the day. Thus, T3 has not been considered a hormone that responds acutely to metabolic perturbations. Yet, cold exposure is an example of such a perturbation, and the induction of BAT D2 provides the mechanism whereby an acute increase in local T3 can be achieved without substantially impacting circulating T3 levels.
The D2 enzyme has a short half-life of about 45 minutes, in contrast to the approximately 12-hour half-life of D1. Bianco and colleagues have shown previously that the short halflife of D2 is due to ubiquitination and proteasomal degradation, and that T4 catalysis further decreases the D2 half-life by enhancing the formation of ubiquitinated D2 (Ub-D2) (6) . Many other ER proteins are subject to ubiquitination and proteasomal degradation, a process known as ERassociated degradation (ERAD), and it is common for ERAD to be regulated. For example, analogous to the enhancement of D2 ERAD by T4, HMG CoA reductase ERAD is stimulated by flux through the mevalonate pathway (7).
Reactivation of Ub-D2 by deubiquitinases
Although Ub-D2 is catalytically inactive, it exists in a netherworld, poised to be degraded in the black hole of the proteasome, or, potentially, to be reactivated by deubiquitination. In this issue of the JCI, Curcio-Morelli et al. (8) demonstrate that D2 interacts with von Hippel-Lindau protein-interacting deubiquitinating enzymes-1 and -2 (VDU1 and VDU2), and that these interactions prolong the D2 half-life and rejuvenate enzyme activity by deubiquitinating Ub-D2. Remarkably, VDU1 is induced rapidly in BAT by cold exposure or norepinephrine, providing a new mechanism to achieve local saturation of TRs and hence an adequate thermogenic response to cold (Figure 1) . Reactivation of Ub-D2 may be a particularly valuable mechanism for this selenoprotein, as it avoids the need to resynthesize D2. Incorporation of selenocysteine at UGA codons is inefficient and decreases translation efficiency about 100-fold (9) . D2 is the first specific substrate identified for the VDUs, and this is the first example of enzyme reactivation by deubiquitination. The VDUs are the first ubiquitin-specific processing enzymes shown to specifically deubiquitinate an ERAD substrate. What, actually, are the VDUs? The von Hippel-Lindau protein (pVHL) is a component of an E3 ubiquitin ligase that plays a role in determining substrate specificity for ubiquitination (10, 11) . Mutations in the VHL gene are associated with the autosomal dominant tumor syndrome von Hippel-Lindau disease (characterized by CNS and retinal hemangioblastomas, renal clear cell carcinomas, pheochromocytomas, and others) as well as sporadic renal carcinomas. VDU1 was identified by yeast twohybrid screen as a pVHL-interacting protein (12) , and VDU2 was identified by homology to VDU1 (13) . Both VDUs are ubiquitinated by the pVHL E3 ligase and are themselves deubiquitinases, suggesting that pVHL-mediated degradation of VDUs regulates the ubiquitin-proteasome pathway. Since pVHL stimulates degradation of VDUs, there is a potential link between pVHL (which is widely expressed) and decreased local T3 generation by D2.
The broader picture
Many important questions remain. For example, do other specific substrates exist for VDUs? Many structurally diverse deubiquitinases have been identified; do all have specific substrates? How does T4 stimulate D2 ubiquitination? The process is not specific to T4, as other D2 substrates (reverse T3, for example) do the same, but it does require catalytically active enzyme.
Do VDUs reactivate Ub-D2 in tissues other than BAT, and if so, what regulates VDU activity in those tissues? VDU1 is expressed in other D2-containing organs, including brain, heart, placenta, and skeletal muscle. One might consider situations, besides cold exposure, in which rapid changes in T3 production could be expected. For example, virtually any serious illness is associated with decreased plasma T3 and decreased T4-to-T3 conversion, the so-called sick-euthyroid syndrome (14) . This syndrome may be an adaptive response to illness, as tissue hypothyroidism should decrease oxygen consumption and conserve limited cellular resources. Since D2 probably contributes a significant portion of plasma T3, a rapid decrease in D2 activity could contribute to the sickeuthyroid syndrome. One might speculate that cytokines or other general markers of illness could impair VDU activity and hence tip the balance toward proteasomal degradation of D2. Another situation to consider is brain development, which is critically dependent on local D2-generated T3 (15, 16) . Perhaps D2 regulation by VDU might be expected here, with VDU activity being regulated by developmental factors. Importantly the local thyroid status of D2-containing tissues may not be reflected in the plasma thyroid-stimulating hormone T4, and T3 levels. There is no simple way to measure local thyroid status in humans, but it is easy to imagine that derangements in these processes could have important pathophysiological consequences.
Figure 1
Thyroid hormone metabolism and action in different cell types. (a) Hepatocytes (which express D1), as a model for cells that do not express D2. D1 converts plasma T4 to T3, but this T3 does not have direct access to the cell nucleus. Plasma T3 enters the nucleus. In the euthyroid state, TRs are about 50% T3-occupied and target genes are induced proportionately. (b) BAT, as a model for tissues that express D2. Plasma T3 enters the nucleus. In addition, the ER enzyme D2 converts T4 to T3, which has direct access to the nucleus, resulting in a high level of TR occupancy by T3. Target genes are induced proportionately. D2 is regulated by metabolic perturbations, e.g., cold exposure (via norepinephrine) in BAT. The catalytic activity of D2 stimulates its ubiquitination and potential degradation in proteasomes. However, the VDUs can prevent degradation and recover enzyme activity by deubiquitinating Ub-D2. In BAT, VDU1 itself is induced by cold exposure, via norepinephrine. In some tissues, VDUs are ubiquitinated by pVHL and degraded, but this has not been studied in BAT. The retinoid X receptor (RXR) is the dimerization partner for TR.
